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Abstract

To strongly enhance the vertical growth rate in MOVPE-grown GaN core-shell wires, large
quantities of silane (SiH4) need to be introduced during the growth of the wire core. This results
in the formation of a SiGaNy layer that acts effectively as a dielectric mask on the sidewalls of the
GaN core, thereby promoting the vertical growth. While useful during core growth, its presence
precludes the formation of homogeneous core-shell heterostructures, whose coverage and optical
quality tend to be maximized at the top of the wires. In this paper, we propose three different
strategies to remove this passivating layer once its initial role accomplished. They are based on
either chemical, physical or thermal etching. Their effect in the optical quality of subsequent core-
shell InGaN/GaN heterostructures, including single and multiple-quantum well heterostructures,
has been analyzed. Overall, an ex-situ chemical etching of SiGaNx by H3POg results in an enhanced
emissive coverage and a stronger overall luminescence intensity from the active regions, while
simultaneously removing deep-defect emission arising from the high growth temperature of the

core.

Introduction

InGaN/GaN heterostructures are a material of choice for their applications in fields such as, but
not limited to, lasers'?, lighting®*, and displays®. In this context, the growth of planar nitride
heterostructures has been documented for more than 25 years®’. However, because of the polarity
of GaN, the growth of heterostructures along the c-axis leads to the so-called Quantum-Confined

Stark Effect (QCSE), in which the quantum well (QW) band structure is distorted by the internal



polarization fields, leading to a decrease in the wavefunction overlap between electrons and holes.
The QCSE is responsible for the power dependence of the wavelength of the emitted light, for the
reduction of the overall efficiency and for longer carrier lifetimes (which could be beneficial in the
absence of omnipresent non-radiative defects)®. To overcome these problems, one way is to grow
QWs on non-polar GaN planes. One possibility that does not require expensive non-polar GaN
substrates is to grow nanowires (NWs) along the c-axis and directly use the non-polar {1100} m-

plane sidewalls to grow the QWs. This “core-shell” structure also presents the advantage of having

9,10,11 11,12 &

fewer or no dislocations (thanks to dislocation bending and mask filtering in the case of
selective area growth). The high structural quality of the core and the absence of QCSE allows the
growth of an InGaN shell with a larger thickness, reducing thereby the efficiency droop for a given
light emission intensity thanks to the need of a reduced current density'*!*. The last advantage of

the nanowire geometry is that with proper aspect ratios and spacing, the emissive surface is larger

than that of standard planar LEDs.

Two main growth techniques, i.e. pulsed growth mode and continuous-flow mode have been
reported for the growth of GaN nanowires by Metal-Organic Vapor Phase Epitaxy (MOVPE) and
the impact of the growth parameters have been analyzed'>!'®!7-13 In the case of continuous flow
mode, temperature and V/III ratio appear as key parameters to promote GaN growth along the c
axis!”!®. However, when playing with these parameters, GaN nanowires height is usually limited
to few microns (1-3 pm). In order to significantly increase the vertical growth rate and reach >10
um height nanowires, large quantities of SiHs must be introduce into the reactor '%19:20:21:2223 The
introduction of SiH4 during MOVPE growth leads to the formation of a thin passivation layer of

SiGaNy on the lateral facets of the wires** as reported by Tessarek et al.?®. This layer acts as a

dielectric mask and promotes the diffusion of the reacting species along the sidewalls up to the top



of the wire thus highly enhancing the vertical growth?*-?>; the second effect is the enhanced doping
of the GaN core, which is beneficial for subsequent core-shell LEDs fabrication®. The presence
of this SiGaNy layer has since then been evidenced in several other reports?%27-28:29.30,31,32,33,34.35,
Unfortunately, this passivation layer impacts the structural and optical quality of the InGaN shell
grown on it by degrading the sticking of species and the resulting morphology?’*!. To avoid this
issue, often the core growth is finished by a “non-intentionally doped” (nid) GaN portion during
which SiH4 is no longer introduced in the reactor?®3%¢. The surface of the nid GaN is thus not
covered by the SiGaNx passivation layer. When the active InGaN shell region is subsequently
grown, the shell covers only the top nid part of the wire, which limits the overall light emitting

area>*. In addition, the active region grown in the top part can be strongly degraded by a defective

ultra-thin SiGaNx underlayer, due to the residual SiHs in the reactor chamber?”.

Another method to circumvent the negative effect of the SiGaNx layer consists in burying it. One
possibility is to use AlGaN as an underlayer before the growth of the LEDs active region, given
its ability to nucleate on SiGaNs*>*. However, while AlGaN underlayers have been used
previously for reducing leakage current®’*® and for burying defects and optimizing crystalline
quality®>*°, only few reports show a successful increase of the InGaN QWs intensity at the NW
base*!. Besides, AlGaN can also lead to cracks in the shell,?®3 as reported in the case of N-polar
GaN NWs. Similarly, a GaN layer grown at low temperature reduces the Ga atom mobility and
therefore enhances similarly the nucleation on top of the SiGaNyx layer, thus burying it. Still this
method does not allow full emissive coverage®®, and very few articles, one to our knowledge, show

a luminescence along the entire length of the nanowires grown by continuous MOVPE*!.

In this report, we propose another approach that consists in removing completely this SiGaNx

t23’27’29

passivation layer by a chemical or physical treatmen , exposing the whole non-polar facet of



the NW and hence enabling full emissive coverage of the wire by the subsequent InGaN shell.
This paper investigates first the impact of the treatment on the InGaN shell: we show that the
luminescence of a single QW can be enhanced depending on the chemical or physical treatment.
Second, the effects of these treatments on the surface of the underlying GaN are studied through
the growth of a sample with an InGaN underlayer and a sample with three QWs. This provides a
first understanding of the effects of the tested treatments on the GaN material quality and how it
translates to the quality of the shell heterostructure. Last, a study of the emission on the entire
length of the nanowire was realized, showing a clear impact on the emissive coverage of the

treatments.

Experimental Section

The NWs were grown using selective area growth (SAG) on a GaN template grown on c-plane
sapphire substrate covered with a 35 nm thick SiO; mask deposited by PECVD. The pattern on
the mask was fabricated using Displacement Talbot lithography and inductively coupled plasma
etching?, resulting in openings with a diameter of 300 nm and a pitch of 1.5 um. The SAG of
NWs was performed in a MOVPE Thomas Swan showerhead reactor with 1790 pmol/min NH3
and 110 pmol/min Trimethylgallium (TMGa), giving a low V/IIl ratio of 15 typical of NW growth.
Silane was added during the whole core growth at a flux of 0.4 pmol/min. Other growth parameters
were as follows: a setpoint temperature of 1175°C, a pressure of 100 Torr, a growth time of 1800
s and a carrier gas ratio of Ho/N2 = 3. In total, six identical samples were obtained. One of them is

kept as reference while the others are used for the following experiments.



Three kinds of treatments have been investigated to remove the SiGaNx layer: wet etching, dry
etching and thermal etching. For wet etching, 3 different chemical solutions have been tested.
Diluted Buffered Oxide Etch (BOE), potassium hydroxide (KOH)** and phosphoric acid (H;PO4)*
have been chosen as they were all reported to etch SiGaNx. Moreover, KOH is able to etch GaN,
especially N-polar c-planes and semi-polar planes**64748 H3;PO4 was also reported to etch
semipolar planes in GaN NWs?*#4%30 More precisely Deeb et al?® showed by a surface
photovoltage measurements that H3PO4 treatment removes the surface states and reveals bulk-like
properties of the underlying GaN. The exact protocols were as follows: The BOE was diluted 80
times, and the sample was treated for 10 seconds at room temperature. The KOH etching was
performed with 45% KOH at 75°C for 5 minutes. Last, the H3PO4 etching was realized with 85%
H3POg4 at 125°C for 10 minutes. Regarding the dry etching, one sample was treated using reactive
ion etching in an Oxford system 100 ECR-RIE apparatus with SFe at 200W for 20s. Last, a method
avoiding taking the samples out of the growth reactor was tested, and consisted in using an in-situ

annealing under Hz only at 1175°C for 15 seconds as a method of thermal etching.

After the treatments, the samples were reintroduced in the MOVPE reactor for the shell growth.
Three different shell structures were grown and are represented on figure 1. For each sample, the
regrowth started by growing a spacer of GaN at 1175°C during 100s with NH3 and TMGa fluxes
being respectively 0.13mol.min"' and 55umol.min"!. A first structure containing one single InGaN
quantum well (SQW) was grown on all the samples at 850°C and 100 Torr during 360s. The NH3,
TMGa and Trimethylindium (TMIn) fluxes were 0.13mol.min"!, 58umol.min"! and 32pumol.min’’,
respectively, with N as the carrier gas. QWs were subsequently capped using a layer of GaN
grown at 1060°C, under the same fluxes for NH; and TMGa, and without any TMIn introduction.

The second series contained a shell structure made of an InGaN underlayer (UL) followed by a



single QW. The underlayer was grown at 880°C and 100 Torr for 600s. The precursor fluxes were
the same as for the QWs except for TMIn, which had a reduced flux of 18umol.min™'. A third
series of shell structures containing three QWs (MQWSs) was also fabricated. The QW growth
conditions were the same for all structures. A summary of all samples highlighting the different
treatments and the regrown shells is given on table 1. For simplicity, the samples will be referred
by the nature of the treatment to which they were exposed (reference, SFs, H3PO4, KOH, BOE, H»
annealing), as well as the shell structure used (SQW, UL+SQW, MQW). Last, the emission
properties of the samples were measured at room temperature using a scanning electron
microscope (SEM) equipped with a cathodoluminescence (CL) setup, operated at 5kV and with a

constant probe current of 5.4nA.

Results and discussion

Single Quantum Well (SQW). SEM images of the NWs have been taken systematically before
and after the shell deposition in order to monitor the effects of the treatment and assess the shell
quality, as depicted in figure 2. The morphology of the NWs in the SFs and BOE treated sample
(figure 2b and 2e) is similar to the reference sample (figure 2a), which indicates that any effect of
the treatments should be localized close to the top surface. In the case of both H3POj4 (figure 2c)
and KOH (figure 2d) treatments, a smoothing of the edges between neighboring non-polar facets
as well as between the lateral non-polar and the top semi-polar facets is observed. Further, in the
case of H3POys the top part of the sidewalls at the edges between m-plane facets seems to have been
etched (which is more visible for a longer time of etching, as seen in Supporting information

S1). Last, in the case of the H, annealing (figure 2f), the top surface has been thermally etched



away while the lateral non-polar facets seem unaffected, suggesting that in these conditions GaN
is preferentially etched compared to the SiGaNx passivation layer. Images at much larger
magnification of a layer around the GaN core (Supporting information S2) suggest a SiGaNx
thickness of around 25nm, which is much thicker than the SiGaNy layer reported by Tessarek et
al.®. This could mean that this layer might contain some GaN that stayed unetched by the

treatment.

Figures 2(g) to (1) show the morphology of the NWs after the subsequent growth of the SQW
shell. The reference sample (figure 2g), i.e. without SiGaNx removal, shows a high surface
roughness on both the lateral m-planes, due to the direct nucleation on the SiGaNy layer, and the
topmost semipolar planes, which display an inhomogeneous and uncomplete coverage. On the
other hand, the SF¢ SQW sample (figure 2h) displays relatively smooth m-plane facets, with a
minor growth disruption on the top c-plane of the truncated pyramid. This suggests that the surface
of the core has been modified by the etching treatment. A similar result can be seen with the H3PO4
SQW sample (figure 2i), with a smooth and continuous m-plane, suggesting an extended emissive
coverage. The NWs on the KOH SQW (figure 2j) sample have a “match-head” shape and some
visible roughness at the edges between the m-plane facets, just below the “match-head”. This is
consistent with the smoothing of the upper part of the wires after KOH treatment, suggesting that
the QW containing shell has only been deposited on the top part of the wire. The BOE sample
(figure 2k) shows similar rough features at the edges between the m-plane facets but with a
covering of the shell being more homogeneous in thickness along the wire. Finally, the H» SQW
samples (figure 21) shows a high roughness on the m-plane facets, similar to the reference sample,

and a clear overgrowth of a pyramid on the top part of the wire. This confirms the assumption that



only the upper part of the NWs consisting of the semi-polar plane facets was etched away by the

H> treatment, while the SiGaNx layer survives the H, treatment.

Figure 3a shows cathodoluminescence (CL) measurements made at room temperature on a
single representative NW for each sample. These spectra have been obtained by integrating the
emission spectra of hyperspectral images along the entire NW length. Four emission bands can be
identified. The first one, around 364nm, is attributed to the GaN band edge. The red shifted
emission compared to bulk GaN has already been reported in the case of VLS-grown Si-doped
GaN NWs>!. This phenomenon has already been studied in Si-doped planar polar c-plane®? and
non-polar a-plane®® GaN and could be explained by both bandgap narrowing and tensile strain
introduced by the Si atoms*. The second is a large band centered at around 550nm, identified as
the yellow band 3°-°%7_ Finally, two other emission bands centered at around 400nm and 450nm
can be identified and attributed to the InGaN QW luminescence. The 400nm band is generally
identified as the m-plane luminescence from the QW, while the 450nm band is caused either by
the red-shifted luminescence of r-planes QWs, or by In-rich clusters at the junctions between m-

planes, which will be further discussed later in this document.

The GaN band edge signal is visible on all the samples and in particular for the reference sample
and H> SQW sample. However, the luminescence peak at 400nm is observed only on the H3POs,
SF¢ and KOH SQW samples. The signal at 450nm is visible on all samples except for the BOE
sample, whose general luminescence intensity is very weak. On the contrary, a strong
luminescence is observed on the H> SQW sample but it is largely due to the emission of the yellow
band. Finally, the H3PO4 sample shows the strongest luminescence at 400nm and a much weaker

YB emission as compared to all other samples.



CL maps at 400nm and 450nm (figure 3b) allow to visualize the spatial distribution of these
emission bands along the whole NWs length and, thus, evaluate the impact of the treatment on the
shell’s light emission. Some small disparities in height can be observed in SEM images and CL
maps, which may be due to size inhomogeneity but more likely to the manual method used to
remove the nanowires from their host substrate which does not guarantee to cut them precisely at
their base. It should be noted that the intensity of the CL maps is arbitrary, and one should refer to
figure 3a for a quantitative intensity comparison between the samples. In particular,
monochromatic hyperspectral maps at 400nm allow to illustrate the efficiency of the employed
treatment to grow a radiative SQW on m-plane sidewall facets. Note that a similar reasoning could
be applied to the monochromatic images at 450nm, though the conclusions could be misleading

due to the strong contribution of the yellow band, even at this wavelength, for some of the samples.

One should note first that for the reference, BOE and H» SQW samples, the intensity at 400nm
is very low compared to all other three samples (figure 3a,b) and, thus, they can be excluded from
the following analysis. Interestingly, while the signal at 400nm for the other samples is
comparatively strong, its spatial distribution is very different: SFs and H3PO4 samples clearly
display a SQW emission extending over the topmost half of the NWs, while in the KOH treated
NWs the SQW emission comes preferentially from the top 0.75um of the nonpolar planes, which

is consistent with the SEM observations (fig 1j).

Moreover, the CL maps in figure 3b show different origins for the emission at 450nm. Indeed,
reference, SF¢ and H2 SQW samples shows a 450nm emission coming from the top pyramidal part
of the wire with no signature detected on the non-polar sidewalls. Semi-polar planes are known to

8

incorporate more indium®, which has already been observed in NWs. The higher intensity

observed for the H» SQW sample could be explained by the larger surface of the pyramid

10



overgrown at the top of the wire (see figure 2(1)). For the three other samples, the emission at
450nm is more evenly distributed along the non-polar facets. A remarkable point concerns the
H3PO4 sample: indeed, the 450nm signal is coming from the edges between m-plane facets and its
spatial distribution is complementary to the emission at 400nm. One hypothesis is that the 450nm
emission is due to a greater incorporation of indium on the edges, which has been previously
detected and ascribed to a combination of strain relaxation occurring at the edges>® along with the
formation of nanometric a-plane facets®®®!. Another explanation could be that H3;POs etches
preferentially the a-planes over m-planes in GaN, which is supported by a recent study on etching

0 as introduced in Ref 47 to approximately predict relative resistance to

barrier index calculations®
etching of each crystallographic plane. A similar conclusion could be made for the top of the KOH
SQW sample, but not for most of its sidewall. Indeed, a consistent 450nm signal is visible on the
whole sample, despite no 400nm emission. Several explanations could be at play here
(inhomogeneous etching leading to inhomogeneous emission, impurities introduced by the KOH,
etc...), but it is difficult to conclude on the precise origin of this behavior. Last, the BOE sample
also seems to exhibit 450nm emission from the sidewalls, but this emission can be ascribed to the

tail of the yellow luminescence band of the sample as suggested by the corresponding spectrum

on figure 3a.

These measurements evidence the impact of the treatments on the shell luminescence efficiency
and on its coverage: measurements on the reference sample clearly show that the regrowth of the
InGaN shell on the SiGaNx passivation layer results in an excessive amount of defects, which
prevents any QW emission from m-plane sidewalls. Similarly, BOE etching or H> annealing do
not give satisfactory results. On the other hand, a more homogeneous distribution of the shell is

obtained by chemical treatment with SF¢, KOH and in particular H3POs4. This last chemical
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treatment allows a strong enhancement of the CL emission while reducing the YB emission, which

suggests a better structural quality and, potentially, less incorporation of deep defects.

Effect on heterostructures containing InGaN underlayer (UL) and multi quantum well
(MQW) samples. It has been shown in Ref 62 that in the case of planar GaN grown at a
temperature higher than 900°C some point defects appear in the GaN and segregates at the surface.
According to the authors, this defect could be a nitrogen vacancy (vn) that would form non-
radiative centers in quantum wells by reacting with In. One way to solve the problem is to grow a
so-called “underlayer” (UL) with a small In composition below the QWs in order to bury these
defects®®. This result is further supported by the fact that it is possible to observe the defects
accumulating in the first quantum well in samples with MQWs®*. However, most reports on this
subject focus on c-plane planar GaN and similar studies on core-shell structures are scarce. Among

them, Kapoor et al.*°

observed that an UL with indium seemed to have no effect on the efficiency
of the QW. In this section different core-shell structures have been studied to evidence the effect

of etching treatment on the potential point defects associated to a defective GaN surface layer.

Both SQW+UL and MQW structures were grown on reference, SF¢ and H3PO4 samples. The
choice of these two last samples among others described in the previous section, along with the
reference sample, is motivated by the fact that they are the most luminescent samples. In addition,
these two chemicals are known to attack the materials differently, because the SF¢ is expected to
etch only the SiGaNy passivation layer, while H3POg is expected to also etch the GaN core. The
UL was chosen with a low-In content InGaN in order to compare the results with the literature*°.

The spatially-integrated spectra are given in Figure 4 and a CL-mapping of a representative NW

12



of each sample is also provided in Figure 5. The CL spectra and maps presented for the SQW
samples in both figures are the same as the ones presented in figure 3 and were included for

comparison.

In the case of the reference sample, an increase of one order of magnitude of the QW peak is
observed with the addition of an UL. On the other hand, the intensity of the MQWs sample is
comparable to the one of the UL sample, but redshifted by 50 nm. The CL-mapping shows that

the UL sample is the only one that exhibits m-plane luminescence.

For the SFs treatment, the 400nm peak associated with the m-plane QW emission is noticeable
on every sample, and along a significant part of the wire, which is a signature of the SiGaNx
passivation layer. Here again, the addition of an UL results in an increase of one order of magnitude

of the luminescence intensity. A threefold increase can be noticed with the use of several QWs.

Last, the samples treated with H;PO4 behaves differently. First, on the SQW spectrum, the
dominant emission is the 450 nm band and, as shown on figure 4, it comes from the entire length
of the NW. Second, the UL addition does not increase the 400 nm m-plane emission, however, a
suppression of the emission at 450nm can be noticed. In the MQW sample, the intensity of the 400

nm peak is increased by one order of magnitude.

The results will now be discussed more in depth, and an explanation to the observed phenomena
will be provided. Regarding the reference sample, a comparable luminescence increase is observed
with respect to the SQW case both on the UL and on the MQW s samples. One possible explanation
is that this improvement is due to the burial of non-radiative centers; in the first case (MQWs) it
would be achieved by the addition of QWs, the first QWs being used to bury the non-radiative

centers without providing further intensity, while in the second case it would be achieved by the
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addition of an UL which traps defects, but also increases the emissive coverage on the m-plane of
the NW, resulting in an intensity similar to the one in the MQW sample. Lastly, no QW emission
can be seen at wavelengths shorter than 450 nm, whereas most other samples have an m-plane QW
signal at 400 nm. The SQW+UL sample also exhibits some interesting m-plane luminescence,

which is further discussed in Supporting Information S3.

For the SF¢ sample, the same mechanism is at play, and confirms that there is a defect responsible
for non-radiative centers in the QW that can be suppressed by the addition of an underlayer.
However, as said before, the luminescence of the MQWSs sample here is greater than the one with
the underlayer, which is expected since one can roughly consider that the first QW buries or traps
the defects, and the second and third one contributes effectively to the overall emission, thus
resulting in a total intensity larger than that of just one QW. This contrasts with the reference
sample, where the first two QWs seem to be needed to bury the non-radiative centers®*, which is
consistent with a higher defect density (see Figure 2g). It is important to note that the obtained
results seem contradictory with the ones obtained in Ref. 30, in which the combination of an UL
with a GaN spacer appears to have no effect on the luminescence intensity. A possible explanation
is that the residual SiGaNy ultra-thin layer on the wire sidewalls reported in the Ref. 30 can trap
the point defects and prevent any diffusion into the shell. The subsequent spacer growth is realized
at a temperature of 900°C, which is the low temperature threshold for point defect
formation®®. There are therefore few or no defects trapped in the UL. In the present case, since the
SiGaNx layer has been etched, the point defects are free to diffuse in the shell, even at low shell
growth temperature. An underlayer may therefore be required to achieve a satisfactory

luminescence in NWs where the core passivation layer has been removed.
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The behavior is different for the H3POs4 samples. First, the addition of an UL results in a
disappearance of the 450nm emission. This could be explained by the fact that the growth rate of
the a-planes responsible for the emission at this wavelength in the H3PO4 SQW is faster than that
of m-planes so that the a-planes disappear during the UL growth®, resulting in the 400nm GaN m-
plane emission being the only emission measured in the SQW+UL sample. A weak 450nm
shoulder can be noticed in the spectrum of the MQW sample and is visible on the fig 4c which
could be due to an emission from the first QW. Second, while the UL is expected to trap non-
radiative centers and thus to increase the luminescence intensity, as seen in the two other samples,
this is not the case here. One possible explanation for this is the etching of the GaN by the H3POa.
According to Ref. 62, the defects responsible for non-radiative centers are segregated at the
surface, and their incorporation in bulk GaN is negligible. On the other hand, it has been observed
in Ref. 29, that a short H3PO4 treatment on GaN nanocolumns made them exhibit bulk-like
properties. An interpretation of the result presented in this study is that the H3;PO4 has been able to
etch the surface of the GaN, and particularly the surface defects responsible for non-radiative
centers. The UL thus no longer plays its role as an NRC trap, which explains why no intensity
increase can be noticed. On the other hand, the MQW sample has a more intense 400nm signal
because all the QWs are free of NRC-inducing surface defects and contribute to the overall
intensity. It can also be noted that, if the three MQW samples are compared, the intensity of SFe

and the control sample are similar, while the H3PO is almost four times more intense.

Emissive coverage of the MQW samples after SF¢ and H3PO4 treatments. Finally, in order
to attest the relevance of our approach for the realization of LED devices based on core-shell

nanostructures, we extracted the CL spectra of SFs and H;PO4 MQW samples at the top; bottom
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and middle of the NW (figure 6). It is noteworthy that the luminescence signal is still clearly visible
until the NW base where the intensity is comparable to that of the yellow band. Note that the
yellow band intensity remains constant all along the nanowire. This result is significantly better

than the ones found in the literature®®3"40

, where the luminescence coming from the quantum well
usually collapses near the middle of the nanowire. It demonstrates that our approach allows us to
obtain a full shell luminescence on doped nanowire grown by continuous MOVPE. Both H3PO4

wet etching and SFs dry etching thus appear to be efficient and easy processes to completely etch

the SiGaNx layer.

Conclusion

This paper explores strategies to etch away the SiGaNx layer covering the lateral facets of heavily
Si-doped GaN NWs grown by MOVPE in order to achieve a full InGaN shell emissive coverage
along the entire NW length and to improve its optical quality. Except for the BOE treatment, all
samples showed an improved intensity of the m-plane QW luminescence as compared to the
untreated fully doped NW. Among all the treatment performed, SFs dry etching and H3PO4
chemical etching appear to be the most promising ones in order to efficiently remove the SiGaNx
layer and thus, to extend the InGaN shell luminescence along the entire NW length. In addition,
through the comparative study of different InGaN shell structures, we suggest that the H3PO4
treatment not only remove the SiGaNx layer but also some GaN core surface defects. Finally, the
study of the SFs and H3POj4 treated samples’ luminescence along their whole length highlights a

dramatic increase of the MQW’s emissive coverage, confirming that fully covered core shell NWs
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can be obtained through SiGaNx etching processes. This significant increase of the luminescence

signal suggests that SiGaNx removal by etching is a very promising method for improving the

efficiency of core-shell nanowire LEDs.
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Qaw

Capping layer
Outer GaN layer

UL+ SQW :
n-GaN core

GaN spacer

uL

Qw
Capping layer
Outer GaN layer

MQWs :

n-GaN core
GaN spacer

3x QWs + capping layer
Outer GaN layer

m-plane (1100)

r-plane (1102)

c-plane (0001)

a-plane (1120)

Figure 1. Structure of the three different shells and critical crystallographic planes in GaN

nanowires
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Without SiGaN removall With SiGaN removal

H, annealing

Without SQW shell

With SQW shell

Figure 2. SEM images with 25° tilted view of: (a) to (f), doped core NW after surface treatment,

and (g) to (1), the same samples after a subsequent shell growth

18



(a) Wavelength (nm)

800 700 600 500 400
T T T 1 T T T T

——BOE
——KOH

1E7 |
: ——H3PO4

1000000 / %
100000 | \K
10000 1 .

2 3 4

Energy (eV)

——SF6
——H2 annealing
reference |

Intensity (Cps)

(b) SEM Image CL, 400nm +/- 20 nm CL, 450nm +/- 30 nm

SF6

H3PO4

KOH

BOE

H2 annealing

Figure 3. (a) CL spectra of SQW samples for treated and untreated samples. CL spectra were
generated from the hyperspectral data set by adding the spectra of each pixel of the map, thus
corresponding to the overall emission of the nanowire from top to bottom. The curve for H3PO4
has been highlighted as it is the best performing sample in this test. (b) SEM images of the NWs
and corresponding normalized CL map of the luminescence intensity at 400 +/- 20 nm (c¢) and

450nm+/-30nm (d). The scale bars are 2pum.
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Figure 4. CL spectra for untreated (a), treated with SFs (b) and treated with H3PO4 (c) samples.
CL spectra were generated from the hyperspectral data set by adding the spectra of each pixel of

the map, thus corresponding to the overall emission of the nanowire from top to bottom.
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Figure 5. SEM image and CL maps at 400 and 450 nm for the reference sample (a), the SFs treated

one (b) and the H3POy4 treated one (c). The scale bars are 2um.
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Figure 6. Room temperature CL spectra corresponding to the top, middle and bottom part of a SFe

treated MQW sample (a) and a H3PO4 treated MQW sample (b). The scale bars are 2pm.

Type of shell sQw SQW+UL MQw

Treatments E No treatment Reference Reference Reference

Chemical etching BOE
KOH
H3PO4

Dry etching SF6

In situ thermal etching H2 annealing

Table 1. Summary of the sample used for each process
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ASSOCIATED CONTENT

SEM image of doped GaN nanowire etched in H3PO4 at 125°C for 15 minutes, showing a faster
etching at the junctions between m-planes, additional SEM image of doped GaN nanowires
annealed under H> at 1175°C for 15s at x15 000 and x50 000 magnification, and supplementary
panchromatic, SEM, and color reconstitution of the SQW+UL reference sample with CL spectrum
for three indicated points.
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